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TRANSITION CHARACTERISTICS OF A VTOL AIRCRAFT 

POWEEXD BY FOUR DUCTED TANDEM PROPELLERS 

By Edwin E. Davenport and Kenneth P. Spreemann 
Langley Research Center 

SUMMARY 

Results are presented of a wind-tunnel invest igat ion of the  aerodynamic 
s t a b i l i t y  and control  charac te r i s t ics  of a v e r t i c a l  take-off and landing (VTOL) 
a i r c r a f t  configuration powered by four  t i l t i n g  ducted propel lers  arranged i n  
tandem pai rs .  
near t he  top of t h e  fuselage on t h e  same l eve l  as the  rear  ducted propel lers  
which were mounted outboard on t h e  t i p s  of a short  wing. 

The two f ron t  ducted propel lers  were mounted close inboard and 

The r e su l t s  ind ica te  tha t  the  nose-up moment encountered i n  t r ans i t i on  
arises from two sources: the  nose-up moment of t h e  ducts themselves and the  
downwash a t  t he  r ea r  element (pa i r  of ducts and wing) which reduces the  per- 
centage of t he  l i f t  produced by t h e  r ea r  element. 

The use of d i f f e r e n t i a l  duct incidence alone or d i f f e r e n t i a l  t h rus t  alone 
as a means of achieving t r i m  i n  t r ans i t i on  requires r e l a t ive ly  large increments 
of e i the r  f o r  t r i m .  
e n t i a l  incidence and th rus t  with some d i f f e r e n t i a l  incidence being used f o r  
t r i m  and d i f f e r e n t i a l  t h rus t  reserved mainly f o r  longitudinal control.  

A more p r a c t i c a l  solut ion may be t h e  use of both d i f f e r -  

INTRODUCTION 

Ducted propel lers  continue t o  be of i n t e r e s t  f o r  v e r t i c a l  take-off and 
landing (VTOL) a i r c r a f t  because t h e  duct prevents contraction of t he  sl ipstream 
and reduces the  t i p  losses  encountered by an unducted propel ler ,  with an attend- 
ant  reduction i n  the  diameter required t o  achieve a spec i f ic  th rus t .  
compact a i r c r a f t  made possible  by t h e  use of ducted propel lers  coupled with t h e  
protection afforded by the  ducts makes t h e  ducted-propeller configuration 
a t t r a c t i v e  for c a r r i e r  applications.  

The more 

By arranging four  ducted propel lers  i n  tandem p a i r s  (as pointed out i n  
ref. 1) excellent p i t ch  and roll control  can be obtained i n  hovering by means 
of d i f f e r e n t i a l  t h rus t  of appropriate p a i r s  of ducted propel lers .  
pe l l e r s ,  however, experience a la rger  nose-up moment i n  t r ans i t i on  from hovering 
t o  forward f l i g h t  than would occur on unshrouded propel lers .  
ment provides two possible  means of trimming these moments: d i f f e r e n t i a l  t h rus t  
and d i f f e r e n t i a l  incidence of t h e  f ron t  and r ea r  pa i r s .  

Ducted pro- 

The tandem arrange- 



The present invest igat ion w a s  undertaken as p a r t  of a program t o  study t h e  
t r ans i t i on  cha rac t e r i s t i c s  of a dual tandem ducted-propeller configuration and 
spec i f ica l ly  t o  study the  effect iveness  of d i f f e r e n t i a l  t h rus t  and d i f f e r e n t i a l  
incidence of t he  f ron t  and rear ducted propel lers  i n  producing t r i m  and cont ro l  
i n  t r ans i t i on .  The model w a s  spec ia l ly  instrumented so t h a t  t he  forces  and 
moments car r ied  on t h e  f ron t  p a i r  of ducts and on the  rear element (pa i r  of 
ducts and wing) could be measured separately t o  a i d  i n  analyzing t h e  charac- 
t e r i s t i c s  i n  t r ans i t i on .  

This invest igat ion i s  an extension of t h e  work presented i n  reference 2. 
Some preliminary r e s u l t s  of the  present study were incorporated i n  reference 3. 

SYMBOLS 

A l l  forces  and moments a r e  re fer red  t o  the  s t ab i l i t y -ax i s  system, which i s  
an orthogonal system, with the  o r ig in  a t  the  center  of moments. The pos i t ive  
sense of forces,  moments, and angles i s  shown i n  f igure  1. 

T th rus t  coef f ic ien t ,  - 
pn2D4 

ins ide  diameter of ducts, 1.167 f t  

longi tudinal  force,  l b  

incidence of duct t h rus t  axis, r e l a t i v e  t o  fuselage center  l i n e ,  deg 

l i f t  of complete model, l b  

l i f t  of f r o n t  and r ea r  duct assemblies (wing and duct) ,  respectively,  
l b  

l i f t  of e i t h e r  f ron t  o r  r ea r  duct, l b  

pi tching moment, f t - l b  

accelerat ion due t o  gravity,  32.2 f t / sec2  

propel le r  ro t a t iona l  speed, r p m  

propel ler  ro t a t iona l  speed, r p s  

free-stream dynamic pressure,  lb/sq f t  

m a s s  density of a i r  i n  f r e e  stream, slugs/cu f t  

t h r u s t  of  ducted propel ler ,  l b  (see f i g .  1) 

airspeed, knots 



vt  propel ler  t i p  speed, knots 

X distance between center of moments f o r  complete model and center of 
moments f o r  duct assembly balance, 26.60 in .  (see f i g .  2 )  

V 
P t i p  speed r a t i o ,  & 

U angle 

Sub s c r i p t  s : 

F f ront  

R rear 

"t 

of a t tack  of fuselage center l ine ,  deg 

MODEL 

The model configuration, as shown i n  f igure  2, consisted of a stubby box- 
l i k e  fuselage made of plywood with ba lsa  wood fa i r ings ,  w i t h  two f ront  ducted 
propel lers  mounted close inboard and two rea r  ducted propel lers  mounted out- 
board on the  t i p s  of a short  wing. 
are given i n  t ab le  I. 
the  top of the  fuselage and were equipped with vanes, which f o r  t he  present in- 
vest igat ion were never deflected.  
reference 2. The f ixed p i t ch  propel lers  were t e s t ed  s t a t i c a l l y  and then set a t  
blade angles t h a t  gave approximately the  same th rus t  f o r  each s e t  of propellers.  
The propel ler  power w a s  supplied by a-c induction motors wired i n  p a r a l l e l  s e t s  
t o  variable-frequency power control  un i t s .  With t h i s  system the  ro ta t iona l  
speed of  the f ront  ducted propel lers  and rear  ducted propel lers  could be varied 
independently . 

The geometric charac te r i s t ics  of t he  model 
Both f ron t  and rear ducted assemblies w e r e  mounted near 

This model was used i n  the  invest igat ion of 

The ducted-propeller p a i r s  were mounted a t  the  50-percent-chord s t a t ion  of  
t he  ducts on the  f ront  and r ea r  duct strain-gage balances so that the  l i f t ,  
drag, and pitching moment of t h e  f ron t  and rear  elements could be measured 
d i rec t ly .  The rear  duct balance measured the  loads car r ied  on t h e  rear  wing 
and ducts. A t h i r d  strain-gage balance w a s  mounted a t  t h e  moment reference 
point,  shown i n  f igure  2, t o  measure the  complete model forces  and moments. 

Tuft-grid p ic tures  depicting t h e  flow a t  the  plane of t h e  rear  duct were 
obtained 3y removing the  r ea r  duct and wing and placing t h e  plane of t he  t u f t  
g r id  a t  t h e  50-percent-chord s t a t ion  of t he  rea-r duct. The tu f t  g r id  was 
attached t o  t h e  model support and moved with the  model. A camera was mounted 
on the  tunnel f l o o r  t o  t h e  r ea r  of t h e  model. This arrangement permitted t u f t -  
g r id  photographs t o  be taken throughout t he  angle-of-attack range. It should 
be noted here t h a t  t he  f ront  duct assembly w a s  mounted i n  a low posi t ion on the  
fuselage during t h e  tu f t -g r id  port ion of t h e  investigation. 
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TESTS 

Essentially, three groups of tests were made. The first group consisted 
of tests of the model through an angle-of-attack range at constant propeller 
rotational speed and rear duct incidence for various values of front duct inci- 
dence. The second group included differential thrust tests with variable front 
ducted-propeller rotational speed. 
the tunnel speed was established as that required for zero net longitudinal 
force at zero angle of attack. This condition corresponds to steady level 
flight at zero angle of attack. The tunnel dynamic pressures used in the tests 
are noted in the data figures. 
covered in the last group of tests, most of which were made with 15' differen- 
tial incidence between the front and rear pairs of ducts and with the front and 
rear rotational-speed differential required for pitching-moment trim in the non- 
accelerating condition at zero angle of attack. 

For both the first and second group of tests 

Accelerating and decelerating conditions were 

Angle of attack was varied from -10' to 25' (nominal settings). The true 
angle of attack, with allowance for support deflection, was measured at each 
data point with a pendulum-type pickup mounted inside the model. Duct inci- 
dence angle varied from 0' to 90' and was measured with an inclinometer after 
each test. 
was measured with four-pole magnetic pickup tachometers which were read out on 
a stroboscopic-type instrument. 

Propeller rotational speed ranged from about 3,600 to 5,600 rpm and 

- PRESENTATION OF RESULTS 

In view of the fact that large forces and moments due to power are encoun- 
tered even at low dynamic pressure, it was impractical to present the data in 
conventional coefficient form. It is, therefore, presented in terms of non- 
dimensional ratios: M/Dl&,lO, L / b l o ,  and Fx/I&,lo for both complete models 
and the front and rear sets of duct characteristics. The values of &=lo 
used to nondimensionalize the data were always taken from the complete model 
balance. An outline of the contents of the data figures is as follows: 

Figure 

Tuft-grid photographs . . . . . . . . . . . . . . . . . . .  3 
Aerodynamic characteristics of basic model . . . . . . . .  4 

Differential thrust characteristics . . . . . . . . . . . .  9 to 12 

Analysis . . . . . . . . . . . . . . . . . . . . . . . . .  19 to 22 

Differential duct incidence characteristics . . . . . . . .  5 to 8 

Acceleration and deceleration characteristics . . . . . . .  13 to 18 
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DISCUSSION 

Flow Fie ld  a t  Rear Duct 

The tuf t -gr id  p ic tures  shown i n  f igure  3 give an indication of t h e  flow 
f i e l d  tha t  exists a t  the  r ea r  duct. These photographs w e r e  taken with the  
f ron t  duct i n  a low posit ion,  whereas t h e  force data were obtained with it i n  
the  high posit ion.  This difference would a f f ec t  the  carryover forces across 
t h e  fuselage but would not be expected t o  a l t e r  t he  primary features  of t h e  
flow a t  the  rear element. The rear  duct posi t ion has been indicated on the  
tuf t -gr id  photographs i n  proper re la t ionship t o  the  f ront  duct posit ion.  

It can be noted t h a t  a t  a f ron t  duct incidence of zero, t he  vortex from 
t h e  f ron t  duct t r ave l s  almost s t r a igh t  back from the  outer edge of t h e  f ron t  
duct. A t  higher duct incidence angles t h e  vortex moves outboard and down. A t  
some of t he  low-speed high-power conditions, t h e  t i p  vortex apparently goes 
below the  t u f t  grid.  The possible  e f f ec t s  of t he  vortex entering t h e  r ea r  duct 
(as it does i n  some conditions ( f ig .  3 ( f ) )  on t h e  s t ruc tu ra l  dynamics of t h e  
system a r e  not known. 

Basic Configuration 

The basic  data ( f ig .  4) with equal incidence and equal th rus t  f o r  both 
f ront  and rear ducted propel lers  were obtained a t  t h e  combinations of tunnel 
speed and model power required t o  give zero drag a t  zero angle of a t tack.  These 
conditions correspond t o  a steady l e v e l  f l i g h t  t r ans i t i on  a t  zero  angle of 
a t tack.  A t  higher angles of a t tack  a drag force i s  shown, indicat ing decelera- 
t i o n  o r  descending f l i g h t .  

The expected nose-up moments were encountered as the  duct angle w a s  in- 
creased i n  t r ans i t i on  ( f ig .  )+(a)).  
i s  indicated a t  the  higher duct angles and lower speeds. This i n s t a b i l i t y  i s  
common t o  most VTOL configurations a t  low speeds and, a s  pointed out i n  re fer -  
ence 3 wherein these results were analyzed, i s  rather mild and probably would 
not be objectionable. 

Also, a t t i t u d e  i n s t a b i l i t y  (posi t ive d M / d a )  

The t r ans i t i on  charac te r i s t ics  of a hypothetical  15,000-pound airplane 
have been estimated from t h e  model data by assuming tha t  t he  model w a s  a 1/6- 
scale  model of t he  fu l l - s ca l e  airplane.  The nose-up moments f o r  t he  hypotheti- 
c a l  a i rplane i n  t r ans i t i on ,  shown i n  f igure  19, were computed from the  data  of 
f igure  4. 
dence and i s  equal t o  the  weight of  t h e  airplane with a moment arm equal t o  
60 percent of t h e  duct diameter. 

The maximum nose-up moment occurs a t  about 40 knots a t  60° duct inc i -  

A s  can be seen from the breakdown of forces  and moments presented i n  f i g -  
ure 20, based on t h e  data  of f igure  4, t h e  problem of nose-up moment i n  t r ans i -  
t i o n  arises from two sources: t h e  d i r ec t  nose-up moment of t he  ducts them- 
selves and t h e  difference i n  l i f t  of t he  f ron t  and rear elements. A t  a duct 
incidence of 60°, where t h e  out-of-trim moments are la rges t ,  t he  primary con- 
t r i bu t ion  i s  the  difference i n  l i f t  of t he  f ron t  and r ea r  uni ts .  A t  this duct 
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angle, the  r ea r  element i s  carrying l e s s  than one-half of t he  l i f t  ( r ea r  duct 
element about 40 percent,  f ron t  duct element about 54 percent, and fuselage 
6 percent) due t o  t h e  large downwash at  t h e  r ea r  element ( f ig .  3(h) ) . 
between the  r ea r  ducts and the  fuselage had a symmetrical a i r f o i l  section and 
w a s  s e t  a t  zero incidence. The use of a cambered sect ion and some incidence 
may be helpful  i n  reducing the  nose-up moments i n  t h i s  region but t he  idea was 
not investigated.  

The wing 

Di f f e ren t i a l  Incidence 

The e f f ec t s  of d i f f e r e n t i a l  duct incidence a r e  presented i n  f igures  4 t o  8 
and a cross p l o t  of the  moments a t  0' angle of a t tack  i s  presented i n  f ig -  
ure  21(a).  
(60° t o  70') d i f f e r e n t i a l  incidence of t he  order of 30' t o  40°, which may be 
impractical ,  i s  required f o r  trim. A t  lower incidence angles the  use of dif-  
f e r e n t i a l  incidence f o r  t r i m  appears t o  be more p rac t i ca l .  

As  can be seen from f igure  21(a) ,  a t  high duct incidence angles 

Di f f e ren t i a l  Thrust 

The aerodynamic cha rac t e r i s t i c s  obtained with d i f f e r e n t i a l  t h rus t  a r e  pre- 
sented i n  f igures  9 t o  12 and the  cross p l o t  f o r  t he  pi tching moments a t  Oo 
angle of a t tack  i s  shown a s  f igure  21(b). 
could not be measured d i r ec t ly  on the  model, as it was instrumented, t he  cross- 
p lo t ted  data a r e  presented a s  a function of t he  square of the  propel ler  speed 
r a t i o  NF/NR which i s  approximately equal t o  the  th rus t  r a t i o  TF/TE, assuming 
no change i n  propel ler  thrust coef f ic ien t  CT with n ( a t  constant blade 
angle). 
but t he  f ron t  t h rus t  must drop t o  50 t o  60 percent of the  r ea r  t h rus t .  I f  a 
control  moment i n  addi t ion t o  t r i m  was desired,  it would become necessary t o  
fur ther  reduce the  f ron t  th rus t .  

Inasmuch a s  the  propel ler  t h rus t s  

The data indica te  t h a t  t r i m  can be obtained by d i f f e r e n t i a l  t h rus t  

A possible  compromise would be t o  use some d i f f e r e n t i a l  incidence t o  
reduce the  t r i m  problem so t h a t  l e s s  d i f f e r e n t i a l  t h rus t  would be required f o r  
t he  remainder of t he  trim and f o r  control.  
obtained with 13O d i f f e r e n t i a l  incidence and a t  combinations of tunnel speed 
and model power t o  cover accelerat ing and decelerating f l i g h t  conditions a s  wel l  
as steady l e v e l  f l i g h t  t r ans i t i on .  
f o r  p i t ch  trim i n  steady l e v e l  f l i g h t  was used. 
ind ica te  that while trimmed f l i g h t  was achieved a t  0' angle of a t tack  f o r  
steady l e v e l  f l i g h t ,  f a i r l y  large out-of-trim moments a r e  experienced i n  the  
accelerating and decelerating conditions. 

The data  of f igures  13 t o  18 were 

The d i f f e r e n t i a l  propel ler  speed required 
The r e su l t s  shown i n  f igure  22 

CONCLUDING REMARKS 

From the  r e s u l t s  of a wind-tunnel invest igat ion conducted t o  study the  
aerodynamic cha rac t e r i s t i c s  of  a four  ducted-propeller tandem VTOL a i r c r a f t ,  
the  following remarks apply: 
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The nose-up moment encountered i n  t r ans i t i on  arises from two sources: 
t he  nose-up moment of t h e  ducts themselves and t h e  downwash at  t h e  r ea r  element 
(pa i r  of ducts and Wing) which reduces t h e  percentage of t he  l i f t  produced by 
t h e  r ea r  element. 

The use of d i f f e r e n t i a l  duct incidence alone or d i f f e r e n t i a l  t h rus t  alone 
as a means of achieving t r i m  i n  t r a n s i t i o n  requires r e l a t ive ly  la rge  increments 
of e i the r  f o r  t r i m .  
e n t i a l  incidence and t h r u s t  with some d i f f e r e n t i a l  incidence being used f o r  
t r i m  and d i f f e r e n t i a l  t h rus t  reserved m a i n l y  for longitudinal control.  

A more p rac t i ca l  solut ion may be t h e  use of both d i f fe r -  
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. . . . . .  ... 

TABLF: I.- GEOMETRIC CHARACTERISTICS OF MODEL 

Body: 
M a x i m u m  height, i n .  . . . . . . . . . . . . . . . . . . . . . . . .  15.40 
M a x i m u m  width, in .  . . . . . . . . . . . . . . . . . . . . . . . .  15.40 
Length, i n .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  86.00 
Distance of forward-duct pivot af t  of nose, i n .  . . . . . . . . . .  11.00 
Distance between duct pivots, i n .  . . . . . . . . . . . . . . . . .  53.20 
Distance of rear-duct pivot below top  of fuselage, in .  . . . . . .  2.40 
Distance of front-duct pivot below top  of fuselage, i n .  . . . . . .  2.40 

Wing : 
Span, i n .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  78.60 
Chord. i n .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12.00 
Ai r fo i l  sect ion . . . . . . . . . . . . . . . . . . . . . . . . .  NACA 0015 

Ducts : 
Outside diameter, in .  . . . . . . . . . . . . . . . . . . . . . . .  17.25 

Length, i n .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9.00 
Pivot point, percent duct chord . . . . . . . . . . . . . . . . . .  50.00 
Ai r fo i l  sect ion ( m a x i m u m  camber facing inward) . . . . . . . . . .  NACA 2418 

. . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  Inside diameter, in .  14.00 
Exit diameter, i n .  15.96 

Propel ler  diameter, i n .  . . . . . . . . . . . . . . . . . . . . . . .  13.75 
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LCenter o f  moments 

Figure 1.- Positive sense of forces, moments, and angles. 



I------- 6/35 ---- 

Cenfer o f  moments 7 

Due t p ivo t 
on .50 chord 

Figure 2.- Model dimensions. All dimensions are in inches. 



a = 40" a= 0" 

a =  /o" a = 20" 
(a) i d  = 0'; N = 4,976 rpm; q = 5.08; p = 0.2 l5 .  L-63-9270 

Figure 3. -  Tuft g r id  a t  r ea r  duct pos i t ion .  

11 



a =  - I O 0  

a =  IO0  a=2O0 
(b) id = 0'; N = 4,982 r p m ;  q = 3.88; p = 0.188. 

Figure 3 . -  Continued. 

L-63-9271 
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a=-/O* a=O" 

cI= /O" a =zoo 
( c )  id = 15'; N = 3,936 rpm;  q = 3.95; p = 0.240. L-63-9272 

Figure 3.- Continued. 
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a =  - 10" a = O O  

a =  I O 0  a=ZO0 
(d) id = 44O; N = 3,769 r p m ;  q = 0.12; p = 0.044. 

Figure 3.- Continued. 

L-63-9273 



a = - / O "  Q = O O  

a =  10"  
( e )  id = 44'; N = 3,666 rpm;  q = 0.21; p = 0.059. L-63-9274 

Figure 3.-  Continued. 



c T =  -lo" a =oo 

a= /O" 
(f) id = 44'; N = 3,679 r p m ;  q = 0.72; p = 0.110. 

Figure 3 . -  Continued. 

a= 20" 
L-63-9275 
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a =  -10" Q = O O  

a =  10" a=20" 
(g) id = 59O;  N = 3,927 rpm;  q = 0.635; P = 0.096- 

Figure 3.- Continued. 
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Cr=-/O" a= o o  

a= /0° a=2O0 
(h) i d  = 59'; N = 5,172 rpm; q = 0.635; p = 0.073. 

Figure 3.- Continued. 



a =  -10" a =  oo 

a =  10" a = 20" 
(i) id = 75'; N = 3,963 r p m ;  q = 0.2; p = 0.054. 

Figure 3.- Continued. 
L-659278 



a = - IO" a = O O  

a = 10" a =  20" 

(j) id = 75O; N = 5,025 r p m ;  CJ = 0.2; p = 0.042. 

Figure 3 . -  Concluded. 

L-63-9279 



- IO -5 0 5 /O I5 20 25 30 
0, deg 

(a) Complete model. 

Figure 4.- Aerodynamic characteristics of basic configuration. 
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.deg 
Rear 
0 
16 
32 
46 

-10 - 5  0 5 10 15 20 25 30 
a ,  deg 

( b )  Front ducts. 

60 
77 

Q, 
lb /f? 
6LW 
599 
3.17 
1.87 
.67 
.20 

PF 

26 
23 
.I7 
J 3  
.08 
04 

P R  

.25 
23 
.I7 
.I3 
.08 
.04 

-10 -5 0 5 10 15 20 25 30 
a ,dw 

( c )  Rear ducts. 

Figure 4.- Concluded. 



1.L 

.5 

-1.C 

5 

.5 

a I dep 

(a) Complete model. 

Figure 5.- Aerodynamic cha rac t e r i s t i c s  with d i f f e r e n t i a l  duct incidence. id,* = 3 2 O .  
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, deg 
Reor 
32 
32 
32 

41 
lb /ftp 
434 
4.05 
317 

P F  

.20 

.I9 

.I7 

(b) Front ducts. ( e )  Rear ducts. 

Figure 5.- Concluded. 



0 I5 
31 

46 282 .I6 .I6 76.49 1.00 
46 2.40 .I5 .I5 75.76 LOO 
46 1.87 .I3 .I3 53.04 600 

(a) Complete model. 

Figure 6.- Aerodynamic characteristics with differential duct incidence. id,* = 46'. 
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I deg 
Rear 
46 
46 
46 

lb %tz 
282 
2.40 
1.87 

PF 

. 16 

.I5 

.I3 

(c) Rear ducts. (b) Front ducts. 

Figure 6.- Concluded. 



LO 

.5 

-.5 

- LG 

.5 

-. 5 

LC 

.5 

0 30 60 L57 ./2 
45 60 1.22 . l l  

.67 .OB 

.I2 65.26 

. l l  64.74 

.OB 59.88 

.99 
LOO 
1.00 

, deg 

( a )  Complete model. 

Figure 7.- Aerodynamic charac te r i s t ics  with d i f f e r e n t i a l  duct incidence. i = 60°. 
d, R 
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.5 

2 0  
L..lO 

4 ..... -. ........... __ . - -2 ___ . __ . 

____ 

-10 -5 0 5 1 0  15 20 25 30 
a deg 

(b) Front ducts. 

deg 
Rear 
60 
60 
60 

lb ";//a 
1.57 
1.22 
57 

B F  

.I2 

.I1 

.08 

P R  

.I2 

.It 
08 

a, deg 

(c) Rear ducts. 

Figure 7.- Concluded. 



. I O  

. IO 

.08 

.07 

.04 

49.17 .99 
58.5f .99 
58.27 .99 
5533 .96 
580f .99 

( a )  Complete model. 

Figure 8.- Aerodynamic cha rac t e r i s t i c s  with d i f f e r e n t i a l  duct incidence. id,R = 7-70. 
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w 
0 

, deg 
Rear 

77 
77 
77 
77 
77 

9, 
fb / f /  

.PO 
1.02 
.69 
.50 
.20 

(b) Front ducts. 

Figure 8. - Concluded. 

12 & 

.IO 

./O 

.OB 

.07 

.04 

( c )  Rear ducts. 



1.l 

.5 

-.5 

-Ll 

.5 

.I7 88.76 

.I7 8.583 

.I8 85.80 

.I7 78.28 

.7 / 

.79 

.86 

.97 

- /o  -5 0 5 IO /5 20 25 30 
Q, deg 

(a) Complete model. 

Figure 9.- Aerodynamic characteristics with differential thrust. id ~ i :  30'. 



31 
31 
32 

4, 
lb /ft' 

152 
3.52 
352 
3. 17 

PF 

.20 

.20 

. I9 
. I7 

( c )  Rear ducts. (b) Front ducts.  

Figure 9.- Concluded. 



I 

(a) Complete model. 

Figure 10.- Aerodynamic cha rac t e r i s t i c s  with d i f f e r e n t i a l  t h r u s t .  i d  = 45'. 
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deg 
Rear 
44 
44 
44 
44 
46 

lb ";P pF 

148 . I6 
1.48 .I5 
1.48 .I5 
1.48 .I5 
L87 .I3 

(b) Front ducts. 

Figure 10.- Concluded. 
( c )  Rear ducts. 
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58 60 .50 

0 58 60 SO 

PF 
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.09 
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30 

/ -  
Nu / 
.62 
.73 
.86 
I. 00 

(a) Complete model. 

Figure 11.- Aerodynamic cha rac t e r i s t i c s  with d i f f e r e n t i a l  t h r u s t .  id = 60'. 
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(b) Front ducts. 

Figure U.- Concluded. 
\ 

(c) Rear ducts. 



M 

id ndeg 4, PF PR La=/o*, lb 
Front Rear lb / f t2  

o 74 74 25 .06 .04 59.30 .54 
o 74 74 .20 .06 .04 44.29 .60 
0 74 74 20 .05 .05 43.20 .79 l/!m A 74 77 20 .04 .04 58.01 .99 

a, deg 

( a )  Complete model. 

Figure 12.- Aerodynamic c h a r a c t e r i s t i c s  with d i f f e r e n t i a l  t h r u s t .  i d  = 75O 
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w 
(33 

, deg 
Reor 
74 
74 
74 
77 

12.- Concluded. 

(e) Rear ducts. 



60 

5 

- 5  

- 1.c 

.5 

a I deg 

(a) Complete model. 

Figure 13. - Aerodynamic characteristics during acceleration and deceleration. id,F = 0'; 
id,* = 170. 
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, deg 
Reor 
f7 
f7 
f7 
17 

lb %tz 
5123 
5.08 
2.96 
L 99 

20 
22 
.I7 
.f4 

0 ,  deg 

( b )  Front ducts. 

Figure 13.-  Concluded. 

( e )  Rear ducts. 
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2. L 

LO 
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La=io 

-. 5 

- LC 
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-1.t 

1.58 
L58 
L 58 
1. 57 

a, deg 

(a) Complete model. 

Figure 14. - Aerodynamic characteristics during acceleration and deceleration. id,* = 15'; 
id,R = JOo. 
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-10 -5 0 5 IO 15 20 25 30 
c, deg 

(b) Front ducts. 
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I. 73 
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. I8 
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.I4 

.09 

.22 
25 
. I7 
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0, de9 

(c) Rear ducts. 

Figure 14 .- Concluded. 



LL 

.5 

-.5 

-LO 

LO 

.5 

L O  
L,=to 

-. 5 

- LO 

LG 

.5 

Fx 
L o - I O  

0 Fx 
L o - I O  

0 

- .5 

. i5 

. I7 
.IO 
.07 

i 
I !  

I 
/ i I  

- 1.6 -io - 5  0 5 io i5 20 25 30 
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54.52 

’ 47.31 
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Figure 15.- Aerodynamic characteristics during acceleration and deceleration. 
idp = 440. 

id,F = 31O; 
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-0 Lo./o 
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-10 -5 0 5 10 15 20 25 30 
0 ,  deq 

(b) Front ducts. 

,deg q, PF 
Rear lb / I t z  
44 229 .I6 
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44 1.06 . I1  
44 .49 .07 

F R  

.I5 

. 17 

.IO 
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-10 -5 0 5 1 0  15 20 25 30 
a, deq 

(c) Rear ducts. 

Figure 15.- Concluded. 



id,deg q, p , ~  p~ Lff=/o*#'b 
Front Rear lb /fi' 

o 45 60 .72 . / I  .Os 43.20 
D 45 60 L24 .I4 .I2 51.01 

.66 

.66 

.65 

.67 

(a) Complete model. 

Figure 16. - Aerodynamic characteristics during acceleration and deceleration. id,F = 45'; 
id,R = 60'. 
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.72 . l I  .09 

22' .06 .05 
. I 2  .04 .04 

1.24 .I4 . I Z  

(b)  Front ducts. 

Figure 16.- Concluded. 

( c )  Rear ducts. 
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(a) Complete model. 

Figure 17.- Aerodynamic characteristics during acceleration and deceleration. id,F = 61'; 
id,R = 76O. 
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(b) Front ducts. 

Figure 1.7.- Concluded. 

( c )  Rear ducts. 
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(a) Complete model. 

Figure 18 .- Aerodynamic characteristics during acceleration and deceleration. id,F = 74'; 
id,R = goo. 
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(b) Front ducts. 
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( c )  Rear ducts. 

Figure 18. - Concluded. 
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(a) Variation of M/DL and V, with id. 

Figure 19.- Transitional characteristics of basic configuration. ia,F = id,R; NF = NR; (a)F 0 = 0. x= 
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(b) Variat ion of moment and incidence (full s c a l e )  with veloci ty .  

Figure 19.- Concluded. 
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id, de9 

(a) a = 0'. (b )  a = 10'. 

Figure 20.- Lif t  and pitching-moment character is t ics  of basic configuration. i d J F  = idJR; NF = NR = 0. 
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( b )  Ef fec ts  of d i f f e r e n t i a l  t h r u s t .  i = idJR. 
dJ F 

Figure 21.- Effec t  of varying t h rus t  and duct incidence on p i tch ing  moment. a = 0'. 
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Figure 22.- Transitional characteristics at a = 0' and a = 10'. i F= id,F + 15'. 
d, R 



“Thc National Acronautics and Spacc Administration . . . shall . . . 
provide for the widcst practical appropriatc dissemination of information 
concerning its activities and thc rcsults thcrcof . . . objcctiucs being thc 
expansion of human knowlcdgc of phcnomcna in the atmosphcrc and space.” 

--NATIONAL AERONAUTICS ANQ SPACE ACT ap 1958 

NASA .SCIENTIFIC AND TECHNICAL PUBLICATIONS 

TECHNICAL REPORTS: 
important, complete, and a lasting contribution to existing knowledge. 

TECHNICAL NOTES: 
of importance as a contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: Information receiving limited distri- 
bution because of preliminary data, security classification, or other reasons. 

CONTRACTOR REPORTS: Technical information generated in con- 
nection with a NASA contract or grant and released under NASA auspices. 

TECHNICAL TRANSLATIONS Information published in a foreign 
language considered to merit NASA distribution in English. 

TECHNICAL REPRINTS: Information derived from NASA activities 
and initially published in the form of journal articles or meeting papers. 

SPECIAL PUBLICATIONS: Information derived from or of value to 
NASA activities but not necessarily reporting the results of individual 
NASA-programmed scientific efforts. Publications indude conference 
proceedings, monographs, data compilations, handbooks, sourcebooks, 
and special bibliographies. 

Scientific and technical information considered 

Information less broad in scope but nevertheless 

Details on the availability o f  these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington, D.C. 20546 


